Riboflavin can be photosensitized to produce reactive oxygen species. In the present study, a DNA damage assay was developed based on the photo reaction of riboflavin. In this test system, oxyresveratrol showed higher DNA protective effect than the well-known antioxidants Trolox and ascorbic acid. The results suggest potential applications for oxyresveratrol as an anti-aging agent and a riboflavin stabilizer.
Riboflavin (vitamin B 2 ) is widely distributed in human tissues, skin, milk and blood. [1] . This vitamin, however, can act as an endogenous photosensitizer, generating reactive oxygen species (ROS) such as superoxide anion (O 2
•-) and singlet oxygen ( 1 O 2 ), which can cause DNA alteration, leading to cell mutation and possibly cell death [1] . Recently, well-known anti-oxidants such as ascorbic acid and tocopherols have been studied for inhibitory effects against the photo reaction of riboflavin of [2, 3] .
Resveratrol and its analogues have been investigated for a wide range of bioactivities, particularly antitumor properties [4] . Oxyresveratrol (trans-2,4,3′,5′-tetrahydroxystilbene) has been shown to possess several biological activities including anti-tyrosinase [5] [6] [7] , antiviral [8] [9] [10] , neuroprotective [11, 12] and anti-oxidant [13, 14] activities. The compound can cross the bloodbrain barrier [15] , and its use as a dietary supplement for the prevention of neurodegenerative disorders such as Alzheimer's and Parkinson's diseases has been suggested [16] . In this communication, we report a newly developed DNA damage assay and present evidence that demonstrates that the stilbene oxyresveratrol can prevent DNA damage induced by the photo reaction of riboflavin.
The assay was based on the DNA damage induced by the photo chemical reaction of riboflavin. First the reactive chemical species (RCS) were produced by photosensitized riboflavin, and then they were allowed to interact with double-strand pBR322 plasmid DNA. It is known that DNA is prone to oxidation by reactive oxygen species (ROS) [17] . In the intact state, the double-strand pBR 322 plasmid DNA has a compact supercoiled , which has a reduced electrophoretic mobility [17, 18] . On this basis, the nicked DNA (OC) could be separated from the SC form by agarose gel electrophoresis.
The electrophoresis results in Figure 1 respectively. Lanes 4 -7 are DNA products from riboflavin-photo reaction in the presence of Trolox at different concentrations. In each lane, the lower band was due to supercoiled DNA (SC), and the upper to nicked or open-circular DNA (OC). It can be seen that in lanes 1 and 2, DNAs were undamaged, but in lane 3 DNA was completely nicked. The increased amount of SC form in lanes 5 to 7 indicated that Trolox could reduce photoriboflavin mediated DNA strand cleavage. The data in Figure 1 (b) and Table 1 show the ability of Trolox (at varying concentrations) to inhibit DNA strand scission. It can be seen that the DNA protective effect of Trolox was concentration-dependent, with an EC 50 value of 421.68 µM.
For comparison, ascorbic acid, another well-known antioxidant, was evaluated for DNA protective activity in a similar fashion (Figure 2 (a)). Figure 2 (b) shows concentration-activity relationships for ascorbic acid. In this test system, ascorbic acid had low capability of DNA protection, showing an EC 50 value of 2.27 mM ( Table 2 ). This newly developed DNA damage assay was then employed to determine the DNA protective potential of oxyresveratrol. Figure 3(a) is the image of agarose gel electrophoretic patterns of the DNA exposed to the RCS produced by photosensitized riboflavin in the presence of oxyresveratrol at varying concentrations. The DNA protective activity of oxyresveratrol was found to be concentration-dependent, showing an EC 50 value of 83.01μM, as seen in Figure 3 (b) and Table 3 . It is interesting to note that in this regard, oxyresveratrol was far superior to Trolox. It was about 5 times more potent than Trolox (EC 50 83.01 vs 421.68 μM). The ROS produced from the photochemical reaction of riboflavin include superoxide anion (O 2 •-) and singlet oxygen ( 1 O 2 ) as the major and minor chemical entities, respectively [3] . To investigate the involvement of O 2
•in the supercoiled DNA breakage, the riboflavinnitrobluetetrazolium (NBT)-light assay was employed. Superoxide anion can reduce nitrobluetetrazolium (NBT) to form blue formazan. Low intensity of the blue color is observed if a scavenger of O 2
•is present.
In this test system, oxyresveratrol showed strong O 2
•scavenging activity, consistent with the result previously obtained by the superoxide dismutase method [14] . From Figure 4 and Table 4 , it is clear that ascorbic acid was a poor O 2 •scavenger, with maximum inhibition of 26 % at 2.0 mM. Oxyresveratrol demonstrated lower superoxide quenching activity than Trolox. In fact, its O 2 •scavenging activity was only about three-fifths of that of Trolox (EC 50 0.45 vs 0.27 mM.). This was opposite to their comparative DNA protective activities (vide supra). These results suggest that in addition to superoxide anion, other RCS such as singlet oxygen and triplet-excited riboflavin might also play important roles in the DNA scission. Oxyresveratrol could possibly interfere with these RCS better thanTrolox and ascorbic acid, and therefore was a much stronger DNA protective agent.
The ability of oxyresveratrol to interrupt DNA breakage induced by photo-sensitized riboflavin has suggested several potential applications. First, the compound could be used as an anti-aging agent in dermatological preparations. Secondly, in the dairy industry, the photoriboflavin oxidation of milk poses a challenge since the reaction affects the nutritive value and produces offflavors, leading to reduced shelf-life [3] .
Recently, the use of antioxidants such as Trolox and ascorbic acid to decrease photo degradation of riboflavin has been studied [19] . In this regard, oxyresveratrol might be useful as a food additive that can prevent the decomposition of riboflavin in milk stored under light.
Experimental
Materials: Oxyresveratrol was obtained from Artocarpus lakoocha as previously described [4] . Riboflavin was purchased from Fluka analytica. Trolox was obtained from Sigma-Aldrich (Germany). Ascorbic acid was purchased from Mallinckrodt Chemical Works (USA). EDTA was obtained from May&Baker (England). Supercoiled pBR322 plasmid DNA was purchased from BioLabs.
Inhibitory effect on supercoiled DNA breakage:
Each sample solution was prepared by dissolving the test substance in a solution of 30% MeOH in potassium phosphate buffer.
Each reaction mixture (10 µL) contained 2 µL of the sample solution, mixed with 50 mM potassium phosphate buffer (1 µL), 265.6 µM riboflavin (5 µL), 1 mM EDTA (1 µL) and pBR322 plasmid DNA (1 µL). The mixture was then irradiated with a fluorescent lamp in a box lined with aluminum foil. An identical reaction mixture was kept in the dark as a blank. After 30 min, the incubated mixture was treated with 2 μL of loading dye (0.25% bromophenol blue, 0.25% xylene cyanol and 40% sucrose in water), and 12 μL of the reaction mixture was then loaded onto a 0.7% agarose gel. Gel electrophoresis was performed at 100 V in a Trisacetic acid-EDTA buffer. After electrophoresis, the gel was stained with ethidium bromide (0.5 µg/ml in deionized distilled water) and visualized under ultraviolet light. Images were taken with MiniBIS Gel Documentation and analyzed with Gel Quant Analysis (DNR BioImaging Systems, Jerusalem, Israel). The supercoiled DNA (SC) and the nicked or opened circular form (OC) were identified from their mobilities on the gel. All experiments were run in triplicate. Trolox and ascorbic acid were used as positive controls. The inhibitory effect of each sample was calculated by the following equation: 
Assay of superoxide anion (O 2
•-) scavenging activity: The assay was based on the capacity of the test sample to inhibit the reduction of nitroblue tetrazolium (NBT) in the riboflavin-light-NBT system [18] . A 96-well microplate was used. The reaction mixture (200 µL) in each well contained 20 µL of 50 mM potassium phosphate buffer, 100 µL of 266 µM riboflavin, 20 µL of 1 mM EDTA, 20 µL of 750 µM NBT and 40 µL of sample solution. The production of blue formazan was monitored by measuring the increase in absorbance at 570 nm after a 10-min illumination with a fluorescent lamp. The entire reaction proceeded in a closed box lined with aluminum foil. A similar reaction mixture was kept in the dark and served as the blank. Trolox and ascorbic acid were used as positive controls.
